Aims/hypothesis. To determine the effects of peroxisome proliferator-activated receptor α (PPARα) and retinoid X receptor (RXR) agonists on insulin action, we investigated the effects of Wy-14643 and 9-cisretinoic acid (9-cis-RA) on insulin signalling and glucose uptake in human myotubes. Methods. Primary cultures of differentiated human skeletal muscle cells, established from healthy subjects and Type 2 diabetic patients, were used to study the effects of Wy-14643 and 9-cis-RA on the expression and activity of proteins involved in the insulin signalling cascade. Glucose transport was assessed by measuring the rate of [ 3 H]2-deoxyglucose uptake. Results. Wy-14643 and 9-cis-RA increased IRS-2 and p85α phosphatidylinositol 3-kinase (PI 3-kinase) mRNA and protein expression in myotubes from nondiabetic and Type 2 diabetic subjects. This resulted in increased insulin stimulation of protein kinase B phosphorylation and increased glucose uptake in cells from control subjects. Myotubes from diabetic patients displayed marked alterations in the stimulation by insulin of the IRS-1/PI 3-kinase pathway. These alterations were associated with blunted stimulation of glucose transport. Treatment with Wy-14643 and 9-cis-RA did not restore these defects but increased the basal rate of glucose uptake. Conclusions/interpretation. These results demonstrate that PPARα and RXR agonists can directly affect insulin signalling in human muscle cells. They also indicate that an increase in the IRS-2/PI 3-kinase pathway does not overcome the impaired stimulation of the IRS-1-dependent pathway and does not restore insulin-stimulated glucose uptake in myotubes from Type 2 diabetic patients.
Introduction
The major metabolic disturbance associated with Type 2 diabetes mellitus is insulin resistance [1] . This defect develops at an early stage of the disease, before the onset of diabetes [2] . The main characteristic of insulin resistance is a strong reduction of insulininduced glucose utilisation in skeletal muscle [1] . A number of studies have demonstrated that stimulation of phosphatidylinositol 3-kinase (PI 3-kinase) activity by insulin in the muscle of Type 2 diabetic patients is altered [3, 4, 5, 6, 7] . Because the PI 3-kinase pathway plays a central role in the metabolic effects of insulin, notably in the translocation of glucose transporters [8, 9] , impaired PI 3-kinase activity in muscle might be one of the causes of insulin resistance in Type 2 diabetes [10] .
The PI 3-kinases involved in insulin action act as heterodimers generally composed of a p85 regulatory subunit and a p110 catalytic subunit [9] . The catalytic subunits, p110α and β, are thought to be the main isoforms involved in insulin action [9] . We recently reported that the mRNA expression of these two proteins is not altered in the skeletal muscle of Type 2 diabetic patients [11] . The p85 regulatory subunit is an adapter molecule that activates the p110 subunits through the interaction of its Src homology 2 domains with specific phosphorylated tyrosine residues of IRSs [8, 9] .
Alteration in the protein or mRNA levels of p85α PI 3-kinase is generally not observed in the muscle of Type 2 diabetic subjects [3, 4, 5, 11, 12] . However, the protein amount of p85α PI 3-kinase is reduced in the skeletal muscle of insulin-resistant obese individuals [13] . Moreover, modification of the quantity of the p85α PI 3-kinase in rodent tissues, either by transgenesis [14] or by adenovirus-mediated overexpression [15] , led to important changes in insulin sensitivity. These data collectively suggest that PI 3-kinase can be a pharmacological target for the treatment of insulin resistance.
In agreement with this, we found that the new antidiabetic drug rosiglitazone [16] induced the expression of p85α PI 3-kinase in isolated human adipocytes [17] . This effect was associated with increased insulin-induced PI 3-kinase and protein kinase B (PKB) activities and with a significant improvement of the antilipolytic action of the hormone [17] . Due to very low expression of the thiazolidinedione receptor peroxisome proliferator-activated receptor (PPAR)γ in skeletal muscle, this insulin-sensitising effect of rosiglitazone was not be observed in human muscle cells [18] . However, by testing the possible role of other nuclear receptors of the same family, we found that the combination of Wy-14643 and 9-cis retinoic acid (9-cis-RA) induced p85α PI 3-kinase expression and potentiated insulin activation of PI 3-kinase activity in human myotubes [18] . Wy-14643 is a potent activator of PPARα in rodents and 9-cis-RA is a ligand of retinoid X receptor (RXR), suggesting that activation of the heterodimer PPARα/RXR in skeletal muscle could improve insulin sensitivity [18] . Recent reports showing the beneficial effect of treatment with PPARα [19] or with RXR [20] agonists in insulin-resistant rodents support this hypothesis.
To gain more insight into the action of Wy-14643 and 9-cis-RA on insulin action in muscle, we investigated in this study the effects of theses two molecules on the expression and activity of the main components of the insulin signalling pathways and on glucose uptake in differentiated human skeletal muscle cells obtained from healthy subjects and Type 2 diabetic patients. Primary cultures of human muscle cells display numerous features of mature skeletal muscle [21, 22] . More importantly, myotubes established from Type 2 diabetic patients conserve the diabetic phenotype, including decreased insulin responsiveness of glucose uptake and glycogen synthase activation [21, 23, 24, 25, 26, 27] , as well as altered insulin stimulation of PI 3-kinase activity [26, 28] . These cell cultures are thus a relevant and interesting model to verify whether and how drug treatments could improve insulin action in human muscle cells.
Subjects and methods
Products. Wy-14643 was obtained from Biomol Research Laboratories (Plymouth Meeting, Pa., USA). We purchased 9-cis-RA and insulin from Sigma (L'isle d'Abeau, France). Culture media were from Invitrogen (Cergy Pontoise, France) and Biomedia (Boussens, France).
Human skeletal muscle cells. Muscle biopsies (about 100 mg wet weight) were taken under local anaesthesia from the vastus lateralis muscle of lean healthy control subjects with the following characteristics: five men, four women; age 42±6 years; BMI 24±1 kg/m 2 ; fasting plasma glucose 5.0±0.2 mmol/l; fasting plasma insulin 31±4 pmol/l. None of the control subjects had any familial or personal history of diabetes, dyslipidaemia or hypertension. Biopsies were also taken from moderately obese Type 2 diabetic patients (four men, five women; age 56±4 years; BMI 32±2 kg/m 2 ; fasting plasma glucose 9.6±0.9 mmol/l; glycosylated HbA 1 c 9.1±0.5%; duration of diabetes 12±3 years). None of the control subjects was taking medication except for oral contraceptive agents. For some experiments, muscle cells from healthy lean individuals (three men, two women; age 41±7 years; BMI 23±1 kg/m 2 ) were prepared from biopsies of the erector spinae muscle (about 1 g), which were taken during orthopaedic surgical procedures [18] . All subjects gave their informed consent and the protocols were approved by the Ethics Committee of Hospices Civils de Lyon.
The satellite cells were isolated from the muscle biopsies by trypsin digestion and were grown to confluent myoblasts and differentiated into myotubes as previously described in detail [22, 28] . Experiments were always performed 12 to 16 days after induction of the differentiation process. As indicated previously [28] , cells established from Type 2 diabetic patients had the same rate of myoblast growth and fusion into myotubes as cells from control subjects. In agreement with other studies [21, 23, 24, 25] , there was no apparent morphological difference between differentiated muscle cells from non-diabetic and diabetic subjects.
The myotubes were pre-incubated for 12 hours in serumfree medium before the addition of drugs or insulin. Wy-14643 (1 µmol/l) and 9-cis-RA (1 µmol/l) were added either for 6 hours (for studying the regulation of gene expression) or for 24 hours (when investigating the effects on insulin signalling, protein amount and glucose transport). Control incubations with 0.1% DMSO (vehicle) were always made in parallel.
Quantitation of mRNA levels. Total RNA from differentiated myotubes was prepared using the RNeasy kit (Qiagen, Courtaboeuf , France). The mRNA concentrations of the target genes (insulin receptor, IRS-1, IRS-2, p85α PI 3-kinase, p110α PI 3-kinase, p110β PI 3-kinase) were determined by RT-competitive PCR as previously described [11] .
Western blots of p85α PI 3-kinase, protein kinase B, IRS-1 and IRS-2. After 24 hours of incubation with Wy-14643 and 9-cis-RA, myotubes were homogenised in a PBS lysis buffer containing 1% Nonidet P-40, 0.5% sodium deoxycholate and 0.1% SDS supplemented with a freshly prepared cocktail of protease inhibitors (ICN Pharmaceuticals, Orsay, France). Proteins were separated by SDS-PAGE and transferred to PVDF membrane. Quantification of p85α PI 3-kinase, PKB, IRS-1 and IRS-2 protein amounts was performed using specific antibodies (Upstate Biotechnology, Lake Placid, N.Y., USA), as described [28] .
Phosphatidylinositol 3-kinase activity. After treatment with Wy-14643 and 9cis-RA for 24 hours, myotubes were incubated with insulin (100 nmol/l) for 10 min and lysed at 4°C in 20 mmol/l Tris-HCl, pH 7.4, 140 mmol/l NaCl, 10 mmol/l EDTA, 4 mmol/l NaVO 4 , 100 mmol/l NaF, 10 mmol/l pyrophosphate, 1% Nonidet P-40, supplemented with a freshly prepared cocktail of protease inhibitors (ICN). Immunoprecipitation with p85α PI 3-kinase antibody and determination of PI 3-kinase activity on the immunoprecipitate were done as described [28] .
Protein kinase B phosphorylation. To estimate PKB activation, the amount of phosphorylated PKBα on serine 473 was determined. After treatment for 24 hours, cells were incubated with insulin (100 nmol/l) for 20 min and then treated as described above. Proteins (50 µg) were separated in SDS-PAGE and transferred to PVDF membrane. Phosphorylated PKBα was identified and quantified using an anti-phospho Akt1/PKBα (Upstate Biotechnology) as described [17] . After analysis, the membranes were stripped and blotted with the PKB to normalise for protein amount.
IRS-1 and IRS-2 tyrosine phosphorylation.
After treatment with Wy-14643 and 9cis-RA for 24 hours, myotubes were incubated with insulin (100 nmol/l) for 10 min and then lysed in the buffer used for the measurement of PI 3-kinase activity. IRS-1 or IRS-2 were immunoprecipitated with specific antibodies (Upstate Biotechnology). Immunoprecipitates were separated by SDS-PAGE and immunoblotting was performed with a specific anti-phosphotyrosine antibody (PY 99, Santa Cruz Biotechnology, Santa Cruz, Calif., USA). After analysis, the membranes were stripped and blotted with the antibodies against IRS-1 or IRS-2 to normalise for protein amount.
2-Deoxyglucose transport.
After treatment with Wy-14643 and 9-cis-RA for 24 hours, myotubes were pre-incubated with or without insulin (100 nmol/l) for 90 min. Cells were then washed four times with pre-warmed buffer (150 mmol/l NaCl, 5 mmol/l KCl, 1.2 mmol/l MgSO 4 , 1.2 mmol/l CaCl 2 , 2.5 mmol/l NaH 2 PO 4 , 10 mmol/l HEPES, pH 7.4) and glucose uptake was measured for 15 min using [ 3 H]2-deoxyglucose (50 µmol/l, 14,800 Bq/well) as described previously [22] . Cytochalasin (5 µmol/l) was used to determine non-specific transport. Results were expressed as pmol of 2-deoxyglucose taken up by the cells per min and per mg of proteins.
Presentation of data.
All results in the text and figures are means ± SE. Statistical significance of the results was determined using paired Student's t tests. The threshold for significance was set at a p value of less than 0.05.
Results
Effects of Wy-14643 and 9-cis-RA in skeletal muscle cells from healthy control subjects. Figure 1 shows the effect, in myotubes from control subjects after 6 hours of incubation, of Wy-14643 and 9-cis-RA on mRNA concentrations of the major genes coding proteins involved in insulin signalling. A significant increase in IRS-2 and p85α PI 3-kinase transcript levels was induced by the drugs, whereas mRNA expression of insulin receptor, IRS-1 and the p110α and β subunits of PI 3-kinase was not affected. The change in the mRNA levels was followed by a more than two-fold increase in IRS-2 and p85α PI 3-kinase protein amounts when incubation was prolonged for 24 hours (Fig. 2) . IRS-1 and PKB protein concentrations were not modified by the treatment (Fig. 2) .
To assess the consequences of the changes in IRS-2 and p85α PI 3-kinase expression on insulin signalling, we then investigated the effect of insulin on PI 3-kinase activity and on PKB activation after incubation with Wy-14643 and 9-cis-RA for 24 hours. This treatment did not modify basal PI 3-kinase activity measured in the absence of insulin, but strongly increased the effect of the hormone (9.4±0.5 vs 3.1± 1.0-fold increase over basal vs without treatment with Wy-14643 and 9-cis-RA, p=0.025) (Fig. 3a) . The phosphorylation of PKB at serine 437 in response to insulin also tended to be enhanced after treatment with Wy-14643 and 9-cis-RA (8.6±3.1 vs 3.0±0.8-fold increase in response to insulin in treated vs untreated myotubes, p=0.082). Phosphorylation of PKB was not modified in the basal state (Fig. 3b) .
We next studied the consequences of this stimulation of insulin signalling on glucose uptake. Figure 4 shows that insulin only increased glucose uptake significantly at a high concentration (100 nmol/l) in untreated cells. In cells treated with Wy-14643 and 9-cis-RA, the basal rate of glucose uptake was not modified, but a significant stimulation of glucose transport was seen in the presence of 1 nmol/l of insulin (Fig. 4) . The maximal effect of insulin was similar in treated and in untreated cells. Thus the incubation of human muscle cells with Wy-14643 and 9-cis-RA potentiated insulin action on glucose uptake in human skeletal muscle cells. Effects of Wy-14643 and 9-cis-RA in skeletal muscle cells from Type 2 diabetic patients. Similarly to the results for myotubes from healthy subjects, Figure 5 shows that in cells from diabetic patients treatment with Wy-14643 and 9-cis-RA for 24 hours induced a significant increase in the protein levels of IRS-2 and p85α PI 3-kinase, without modification of IRS-1 and PKB. In agreement with our previous report [28] , there was no apparent difference in the basal levels of any of these proteins in myotubes from non-diabetic and diabetic subjects (data not shown). An increase in the mRNA concentrations of IRS-2 and p85α PI 3-kinase was observed after 6 hours of treatment with Wy-14643 and 9-cis-RA in cells from diabetic patients (n=2, data not shown), as was the case in myotubes from healthy subjects (Fig. 1) .
We next studied the consequences of the rise in IRS-2 and p85α PI 3-kinase levels on insulin signalling. We found (Fig. 6 ) that the stimulation of PKB phosphorylation by insulin was completely blunted in cells from diabetic patients. This observation strengthened the previous finding that insulin did not stimulate PI 3-kinase activity in diabetic myotubes [26, 28] . Interestingly, treatment with Wy-14643 and 9-cis-RA seemed to restore, at least partially, the effect of insulin on PKB phosphorylation. However, this effect remained modest when compared with the potentiation seen in cells from non-diabetic subjects (about 8-fold vs 2-fold increase over basal in response to insulin after treatment in control vs diabetic cells) (Figs. 3  and 6 ).
As these findings suggested that Wy-14643 and 9-cis-RA treatment were able to increase insulin signalling in muscle cells from Type 2 diabetic patients, we next verified the effect of the treatment on insulininduced glucose transport. Figure 7 shows clearly that the effect of insulin on glucose transport was strongly altered in skeletal muscle cells from diabetic patients. Indeed, no significant effect of insulin on the rate of 2-deoxyglucose uptake was seen, even in the presence of 100 nmol/l of insulin (Fig. 7) . Surprisingly, treatment with Wy-14643 and 9-cis-RA for 24 hours did not improve the response to insulin, but did produce a 3.5-fold increase (p<0.001) in the basal rate of glucose uptake (Fig. 7) . These results indicated that despite a similar induction of IRS-2 and p85α PI 3-kinase protein expression, the effect of Wy-14643 and 9-cis-RA treatment was different in muscle cells from control subjects than it was in cells from diabetic subjects.
To get more insight into this differential effect, we further investigated the upstream steps of the insulin signalling cascade. In agreement with previous results [28] , we found that insulin promoted a two-fold increase in the amount of IRS-1 phosphorylated on tyrosine residues in myotubes from control subjects, and that this effect was completely blunted in cells prepared from Type 2 diabetic patients (Fig. 8a) . Tyrosine phosphorylation of IRS-1 is required for it to interact with p85α PI 3-kinase, with subsequent activation of PI 3-kinase [8, 9] . Figure 8b shows the amount of p85α PI 3-kinase associated with IRS-1 in the basal state or after insulin stimulation. In agreement with the lack of insulin-induced tyrosine phosphorylation, insulin had virtually no effect on the association of p85α PI 3-kinase with IRS-1 in muscle cells from diabetic patients, but promoted a 2.5-fold increase in this association in cells from control subjects. Treatment with Wy-14643 and 9-cis-RA did not modify basal or insulin-stimulated tyrosine phosphorylation of IRS-1 in myotubes from control or diabetic subjects (Fig. 8a) . However, a higher association of p85α PI 3-kinase with IRS-1 was noticeable in the presence of insulin, mostly in cells from control subjects (Fig. 8b) , probably reflecting the increased amount of p85α PI 3-kinase after treatment with Wy-14643 and 9-cis-RA (Figs. 2 and 5) .
In contrast to the results for IRS-1, insulin increased tyrosine phosphorylation of IRS-2 (Fig. 9a) and the association of p85α PI 3-kinase with IRS-2 ( Fig. 9b ) in myotubes both from control and from diabetic subjects. Treatment with Wy-14643 and 9-cis-RA increased the amount of IRS-2 phosphorylated on tyrosine residues in the basal state and during insulin stimulation (Fig. 9a) . It also increased the association of p85α PI 3-kinase with IRS-2 in response to insulin (Fig. 9b) . These effects occurred in myotubes prepared from non-diabetic and diabetic subjects. After treatment (a) with insulin for 10 min (100 nmol/l), cells were lysed, IRS-1 protein was immunoprecipitated and tyrosine phosphorylation was determined by western blot using an anti-phosphotyrosine antibody (see "Subjects and methods"). The results are presented as arbitrary units taking the basal phosphorylation of IRS-1 in untreated cells from control or Type 2 diabetic subjects respectively as 1 unit. Open bars: untreated cells; black bars: cells treated with Wy-14643 and 9-cis-RA. Data are means ± SE of three independent experiments made with myotubes from three different control subjects and three different Type 2 diabetic patients. *, p≤0.05 for the effect of insulin (paired Student's t test). b. After cell treatment as in (a), the amount of p85α PI 3-kinase was determined by western blot using an anti-p85α PI 3-kinase antibody. The results are presented as arbitrary units taking the basal amount of p85α PI 3-kinase associated with IRS-1 in untreated cells from control or Type 2 diabetic subjects respectively as 1 unit. Open bars: untreated cells; black bars: cells treated with Wy-14643 and 9-cis-RA. Data are means ± SE of three independent experiments made with myotubes from three different control subjects and three different Type 2 diabetic patients. *, p≤0.05 for the effect of insulin; $, p≤0.05 for the effect of treatment with Wy-14643 and 9-cis-RA (paired Student's t test) classically found in skeletal muscle biopsies [29] , it was demonstrated that protein levels of the glucose transporter Glut4 are not different in myotubes from control subjects than they are in myotubes from Type 2 diabetic subjects [23] . In agreement with this study, we also found similar levels of Glut4 mRNA in muscle cells from healthy subjects and Type 2 diabetic patients (data not shown). Although it is known that cultured muscle cells expressed high levels of Glut1 and lower amounts of Glut4 than mature skeletal muscle [23, 25, 30] , it was recently demonstrated by means of the photolabelling method that insulin-stimulated glucose uptake is mainly mediated by Glut 4 in this cell system [30] .
In addition to reduced glucose transport, myotubes prepared from Type 2 diabetic patients display a defective stimulation of PI 3-kinase activity by insulin [26, 28] and reduced stimulation by insulin of the tyrosine phosphorylation of IRS-1 [26, 28] . We confirmed this observation in the present work. Because a similar dysfunction in the IRS-1-dependent PI 3-kinase pathway has also been found in vivo in the skeletal muscle of Type 2 diabetic patients [3, 4, 5, 6, 7] , the primary culture of human myotubes is a suitable and powerful model for investigating the possible causes of insulin resistance and testing the effect of agents designed to improve insulin action in human muscle.
In agreement with previous reports [21, 23, 25] , we found that the action of insulin on glucose transport is profoundly altered in myotubes from Type 2 diabetic patients. This defect occurred in the presence of a marked alteration in the stimulation by insulin of the IRS-1/PI 3-kinase pathway, whereas the activation of PI 3-kinase via IRS-2 appeared marginally affected in muscle cells from diabetic subjects [28] . Moreover, induction of IRS-2 and improvement of insulininduced IRS-2 tyrosine phosphorylation and its interaction with PI 3-kinase did not restore the effect of insulin on glucose transport. Taken together, these results suggest that induction of the IRS-2-dependent PI 3-kinase pathway cannot compensate for altered function of IRS-1 in cultured human muscle cells. In addition, these data suggest that the IRS-2/PI 3-kinase pathway does not play a major role in the effect of insulin on glucose uptake in muscle cells. This hypothesis, however, needs to be supported by additional data. Indeed, it cannot be ruled out that the lack of effect of insulin on glucose transport in myotubes from diabetic patients resulted from additional defects, downstream of the signalling cascade.
The translocation of the vesicles containing glucose transporters to the plasma membrane is a complex process, requiring a large number of regulatory proteins [31] . Alterations in the expression levels of some of these key proteins, including the transporters themselves, could also contribute to the observed defect in transport of glucose. Because Wy-14643 and 9-cis-RA
Discussion
The present study demonstrated that treatment of human skeletal muscle cells with a combination of Wy-14643 and 9-cis-RA increased insulin signalling and potentiated insulin action on glucose uptake in skeletal muscle cells from healthy subjects. These effects were associated with an induction of IRS-2 and p85α PI 3-kinase mRNA and protein expression leading to increased insulin stimulation of PI 3-kinase activity and PKB phosphorylation. The same treatment in myotubes from Type 2 diabetic patients also induced IRS-2 and p85α PI 3-kinase protein levels but failed to restore insulin stimulation of glucose transport. The lack of insulin effect on glucose transport paralleled a strong defect in tyrosine phosphorylation of IRS-1 and in the association of p85α PI 3-kinase with IRS-1. Treatment of myotubes from Type 2 diabetic patients with Wy-14643 and 9-cis-RA did not correct these alterations, despite a marked stimulation of the effect of insulin on tyrosine phosphorylation of IRS-2 and on its association with p85α PI 3-kinase.
Several studies have demonstrated that primary cultures of muscle cells established from Type 2 diabetic patients display defects that are similar to those observed in vivo in skeletal muscle, including a reduced stimulation of glucose uptake and glycogen synthesis [21, 23, 24, 25, 26, 27] . Similarly to what is Fig. 9 . Effects of Wy-14643 and 9-cis-RA on IRS-2 tyrosine phosphorylation and association with p85α PI 3-kinase. Procedures and other details as in Figure 8 , but using IRS-2 immunoprecipitates to determine IRS-2 phosphorylation (a) and p85α PI 3-kinase association (b) did not restore the action of insulin on glucose transport, our data suggest that these molecules did not directly affect the expression of such key regulatory proteins. However, as basal glucose uptake was enhanced in the myotubes from Type 2 diabetic patients after the treatment with Wy-14643 and 9-cis-RA, it is possible that these substances have an effect on some genes involved in the regulation of glucose transport. Additional work is therefore required to define more accurately the possible impact of these drugs on the glucose transporter trafficking system.
We have previously reported that the reduced ability of insulin to increase IRS-1 tyrosine phosphorylation in cultured muscle cells from diabetic subjects is probably the result of an increased level of IRS-1 phosphorylation on serine residues [28] . We found that the phosphorylation of IRS-1 on serine 636 was significantly higher in myotubes from Type 2 diabetic patients [28] , and previous experiments with IRS-1 protein bearing a mutation of serine 636 indicated that this residue probably plays a role in the regulation of insulin-induced interaction between IRS-1 and PI 3-kinase [32] . The possibility that serine phosphorylation of IRS-1 plays a role in insulin resistance has been pointed out in recent years, particularly to explain the link between altered fatty acid metabolism in skeletal muscle and insulin resistance [33, 34, 35] . It has been proposed that long-chain acyl-CoA and diacylglycerol accumulation in the muscle might inhibit insulin signalling through phosphorylation of IRS-1 serine/threonine by protein kinase C (PKC)s or other kinases [33, 34, 35, 36] . To date, however, there is no clear demonstration that this mechanism occurs in human muscle cells and particularly in cells from people with Type 2 diabetes. Our present data suggest that the altered stimulation of the IRS-1/PI 3-kinase pathway observed in myotubes from diabetic patients was probably not directly related to fatty acid metabolism. In fact, it has been shown that activation of PPARα reduces muscle triglycerides and long-chain acyl CoA accumulation in vivo in rats [37] and increases fatty acid oxidation in human skeletal muscle cells [38] . These metabolic effects would lead to lower PKC activation and reduction of serine phosphorylation of IRS-1, thereby improving IRS-1 tyrosine phosphorylation and insulin signalling. In the muscle cells from Type 2 diabetic patients, incubation with Wy-14643 (an activator of PPARα) did not modify tyrosine phosphorylation of IRS-1, suggesting that serine phosphorylation was not affected under our experimental conditions. Further work is required to verify this hypothesis.
Wy-14643 and 9-cis-RA are well characterised ligands of nuclear receptors, and it is likely that these molecules acted mainly through the regulation of gene expression in myotubes. Wy-14643 is an efficient activator of PPARα and 9-cis-RA is a ligand of RXR. These two receptors form a heterodimer that binds specific sequences in the promoter region of their target genes and modulates their transcription [39] . However, it should be noted that while Wy-14643 is an efficient activator of PPARα in rodents, it is reported to be less potent in activating human PPARα [40, 41] . We are currently investigating the effects of other activators of PPARα to confirm its implication in muscle cells. It has also been demonstrated that IRS-2 [42] and p85α PI 3-kinase [17] gene expression can be induced by activation of PPARγ in human adipocytes and that this effect leads to improved insulin signalling [17] . The ligands of PPARγ were inefficient in myotubes, probably due to the low expression level of this nuclear receptor in muscle [18] . It appears therefore that the transcription of the genes encoding IRS-2 and p85α PI 3-kinase could be activated by different PPAR/RXR heterodimers. The tissue-specific action of PPARα or PPARγ may depend on the relative abundance of these nuclear receptors or on the preferential expression of co-factors. Taken together, these observations suggest that drugs with dual action on PPARα and PPARγ might be able to induce the IRS-2/PI 3-kinase signalling pathway in parallel in adipose tissue and in skeletal muscle.
Finally, it is interesting to note that 9-cis-RA alone was able to reproduce, at least in part, the effects on gene expression, as previously shown for p85α PI 3-kinase [18] . This suggests that rexinoids and activation of RXR are potentially able to affect insulin signalling in human muscle cells, in agreement with experiments in rodents showing that animals treated with RXR activators have improved insulin sensitivity [20] .
In summary, using primary cultures of skeletal muscle cells, we have investigated the mechanism of action of nuclear receptor activators known to improve insulin action in rodent models. Incubation of human muscle cells with a combination of Wy-14643 (activator of PPARα) and 9-cis-RA (activator of RXR) increased IRS-2 and p85α PI 3-kinase expression in cells from non-diabetic and Type 2 diabetic subjects. In cells from control subjects, the treatment led to increased PI 3-kinase activity, PKB phosphorylation and glucose uptake in the presence of insulin. Myotubes from Type 2 diabetic patients displayed an important alteration in the stimulation by insulin of the IRS-1/PI 3-kinase pathway and a blunted stimulation of glucose transport in response to insulin. The treatment with Wy-14643 and 9-cis-RA did not restore these defects but increased the basal rate of glucose uptakes. Taken together, these results demonstrated that increasing the IRS-2/PI 3-kinase pathway did not overcome the impaired stimulation of the IRS-1-dependent pathway in muscle cells. They also suggest that the defective activation of PI 3-kinase by IRS-1 plays an important role in the altered stimulation of glucose uptake by insulin in myotubes from Type 2 diabetic patients.
